Background: Expansion of a polyglutamine repeat in atrophin-1 causes progressive neuronal dysfunction in neurodegenerative dentatorubropallidoluysian atrophy. Results: Nuclear inclusions of expanded atrophin-1 are more dynamic compared with the cytoplasmic aggregates. Conclusion: Structural variations of the aggregate core determine these dynamics. Significance: Probing the molecular properties of the inclusions is crucial for understanding the enhanced cellular toxicity of nuclear aggregates in polyglutamine pathologies.
molecular feature of 10 dominantly inherited polyglutamine diseases (also known as CAG repeat disorders) that include Huntington's disease, dentatorubropallidoluysian atrophy (DRPLA), spinobulbar muscular atrophy, and several spinocerebellar ataxias (1, 2) . PolyQ-containing proteins have an inherent ability to aggregate in the nucleus and cytoplasm of affected neurons when the length of the polyQ stretch expands over a critical disease threshold (2, 3) . PolyQ expansion confers toxic properties on the host protein (2, 4) , and whether aggregation is critical or not, the nucleus is suggested to be the primary site of cellular dysgenesis (5) . Some overlapping gene expression changes have been observed in mouse models of Huntington's disease, DRPLA, spinobulbar muscular atrophy, and spinocerebellar ataxia type 7 (6), implying a common mechanism of cellular dysregulation because of polyQ expansion. All described polyQ disorders, however, are characterized by a distinct pathology, cell-type specific aggregation, and cytotoxicity pattern, which in turn cannot be explained by a common polyQ-based aggregation mechanism. Alternatively, each disease protein is characterized by a unique set of transcript alterations (6) . Clearly, the expansion of the polyQ stretch per se is necessary but not sufficient to trigger neurodegeneration. Protein domains outside the polyQ tract have an important role in the selective neurotoxicity of the various polyQ disorders.
In vitro, polyQ peptides aggregate in a nucleated growth polymerization with a direct formation of amyloid-like fibrils after structural transition of the polyQ stretch within the monomer (7, 8) . By contrast, the aggregation of expanded ataxin-1, ataxin-3, and huntingtin (Htt) exon-1 is a multistep process in which sequences outside the polyQ stretch transiently interact to initiate aggregation (9 -12) . These initial interactions are polyQ-independent, and expansion of the polyQ tract over the pathological threshold (Q Ն 35) induces a conformation transition to a more compact toxic ␤-sheet structure (13, 14) that assembles into highly stable, detergent-insoluble amyloid-like aggregates (9, 10, 15, 16) . Regions outside the polyQ stretch modulate the aggregation propensity of the polyQ expansion (17, 18) , and variations in the polyQ-flanking sequences induce the following diversity in the aggregate morphology: amor-phous bulky aggregates, small inclusions with crisp boundaries, or large aggregates with dense inaccessible core (18, 19) .
Many cellular proteins, including transcriptional factors, molecular chaperones, and components of the ubiquitin proteasome, can be stably recruited into the aggregates, thus depleting crucial cellular functionalities (19 -26) , which is believed to play a major role in the cellular dysgenesis. Although some cellular proteins are irreversibly sequestered in the polyQ aggregates, others retain their flexibility, albeit with impaired functionality (19, 22, 26) . Importantly, the ability to interact with cellular proteins varies among the aggregates composed of different disease proteins, which may explain the disease-specific pattern of the polyQ disorders (19) . Fluorescent techniques with high time resolution (i.e. fluorescent recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP)) have revealed that cellular aggregates of ataxin-1 and Htt exon-1 are highly heterogeneous with different mobility of the monomers inside them (19, 22, 26) . These various aggregate types may expose different parts of the primary protein sequences, thus providing different surfaces for biophysical interactions with the cellular proteins. Therefore, understanding the dynamics of the aggregation process and the molecular architecture of the different aggregate species formed in the cell is critical for understanding the variations in the mechanisms underlying polyQ pathologies.
In an effort to address this question, we sought to characterize the dynamics and structure of the aggregates of atrophin-1 (ATN1), which is implicated in DRPLA pathology. ATN1 contains putative nuclear localization sequence (NLS) and nuclear export (NES) sequence at the N-and C terminus, respectively, and localizes in the nucleus and cytoplasm (27) . The role of the aggregate formation in the cellular dysgenesis is still elusive. Whereas ATN1 with a normal and expanded polyQ length show no difference in cellular toxicity in a neuroblastoma cell model, preferential accumulation in the nucleus by removal of the NES sequence confers cellular toxicity (28) . The cellular dysfunction and toxic effect might be due to an altered distribution pattern of promyelocytic leukemia protein nuclear bodies by intranuclear aggregates of ATN1 with an expanded polyQ stretch (29) . Moreover, some nuclear aggregates of ATN1 with an expanded polyQ tract can sequester the transcriptional coactivator, the cAMP response element-binding protein (30) through interactions with its short polyQ stretch (23) . ETO/MTG8, a component of the nuclear receptor corepressor complexes, cofractionates in nuclear matrix preparations from brains of DRPLA patients and colocalizes with nuclear aggregates in a cellular model system (5). Furthermore, sequences flanking the polyglutamine region are involved in interactions with the cellular proteins. SH3 domain of insulin receptor tyrosine kinase substrate protein interacts with the proline-rich region cognate to the polyQ tract in the ATN1 (31) . The variety of cellular interaction partners raises the intriguing hypotheses of whether different parts of the parental protein are involved, transiently or irreversibly, in the aggregate core, which may suggest an explanation for the observed variety in the clinical features of DRPLA, i.e. epilepsy versus dementia. Here, we show that the expansion of the polyQ stretch over the pathological threshold changes the dynamics and biophysical properties of nuclear ATN1 aggregates. The polyQ flanking sequences associated independently of the polyQ-length and sequestered ATN1 in highly mobile nuclear inclusions. In a second step, polyQ expansion over the threshold induced the conversion into amyloid-like aggregates with reduced mobility and a core composed of the polyQ stretch. Our findings provide a mechanistic insight into the complexity of ATN1 aggregation to explain the heterogeneity in pathogenesis of DRPLA and other polyQ disorders.
EXPERIMENTAL PROCEDURES
Constructs and Cell Lines-Full-length ATN1 (FL-ATN1) and truncated variant lacking the first 75 amino acids (⌬N-ATN1) with 19Q or 71Q, respectively (FL19Q, FL71Q, ⌬NLS19Q, ⌬NLS71Q) were kindly provided by Dr. T. Miyashita cloned in pEGFP-C2 vector (32) . The promoter of pEGFP-C2 was exchanged with pTRE hCMV-1 promoter from pTRE2hyg plasmid (Clontech) using a combined restriction with AflII and NotI. AflII restriction site was introduced by site-directed mutagenesis. To enable controlled protein expression under the Tet-off promoter, we used neuroblastoma N2a cells stably transfected with pTet-Off plasmid (N2a/TetOff cells) which were a kind gift from Dr. P Breuer.
pLac-DsRed inducible mammalian expression vector was obtained by subcloning the DsRed coding sequence from the pDsRed2 plasmid (Clontech) into the KpnI/BglII restriction sites of the pLac/MCS plasmid (33) . The pLac/MCS plasmid is an engineered pORSVI/MCS plasmid for isopropyl 1-thio-␤-Dgalactopyranoside-inducible expression in mammalian cells and was kindly provided by Dr. R. Morimoto (Northwestern University, Chicago, IL). The ATN1 fragments comprising different parts of the FL-ATN1 were subcloned in-frame downstream of the DsRed moiety using the BglII/XbaI restriction sites. The stable cell line N2a/Tet-Off/LacI for coexpression of proteins under the Tet-Off was created by transfection of pCMV-LacI-NLS plasmid in N2a/Tet-Off cells. Stably transfected cells were selected with 0.7 mg/ml hygromycin B.
Cell Culture and Protein Expression-N2a/Tet-Off cells were used for expression of FL-ATN1 or ⌬N-ATN1 variants. For in vivo cross-seeding experiments, N2a/Tet-Off/LacI cells were transiently cotransfected with the FL and ATN1 fragments at a stoichiometric 1:1 ratio. Transfections were performed using Lipofectamine Plus (Invitrogen) or JetPrime reagent (PeqLab) following the manufacturer's instructions. Cells were grown in DMEM (PAN Biotech) supplemented with 10% Tet systemapproved FBS (Clontech), 0.3 mg/ml L-Glu (Invitrogen), 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen) at 37°C in 5% CO 2 . For maintenance of stably transfected N2a/ Tet-Off cells, the medium was supplemented with 0.3 mg/ml G418 (Calbiochem). In the case of N2a/Tet-Off/LacI cells, 0.3 mg/ml hygromycin B (Clontech) was added. The expression of pTRE hCMV-1 -controlled constructs (FL and ⌬N-ATN1) was switched off by addition of 0.3 g/ml doxycycline (Clontech). The ATN1 fragments that were controlled under the Lac Switch expression system were induced by addition of 15 mM isopropyl 1-thio-␤-D-galactopyranoside to the medium.
Microscopy and Cell Imaging-Transfected N2a/Tet-Off cells were grown on poly-L-lysine-precoated cover slides, fixed in 4% paraformaldehyde in PBS permeabilized with 1% Triton X-100 (Sigma) at room temperature and mounted using an anti-fade mounting kit (Invitrogen). DNA was counterstained using DAPI (Sigma). Cells were imaged on an LSM710 Axiovert confocal microscope (Zeiss) equipped with the ϫ63 oil objective lens, and images were taken at 488 nm, 405 nm, and 561 nm laser wavelengths for GFP, DAPI, and DsRed, respectively. For life-cell imaging, FRAP and iFRAP analyses, transfected N2a/ Tet-Off or N2a/Tet-Off/LacI cells were grown in poly-L-lysineprecoated 8-well microslides (Ibidi). For FRAP experiments, an area of 2.98 m 2 was photobleached for 1 s (120 iterations) with a 488-nm laser wavelength at 100% power, and single images were collected before and every 1.5 s after photobleaching within an interval of 8.5 min. For the iFRAP experiments the area of interest was defined using Zen software, and the whole cell outside the defined area was photobleached for 4.5 s (90 iterations) with a 488-nm laser wavelength at 100% power. 300 or 500 z-stacks, each consisting of five slices in 0.7 m intervals and seven slices in 0.9 m intervals, were collected for each single image in the FRAP and iFRAP experiments, respectively. The intensity of the images recorded in FRAP was normalized to the relative intensity (RI) as established for in-cell FRAP analysis (22, 26, 34) . RI t ϭ i ϭ (I i /I nbi )/(I 0 /I pb ), where I i and I nbi are the integrated intensities of the bleached and non-bleached area at any given time point and I 0 and I pb are the integrated intensities before photobleaching of the bleached and non-bleached area, respectively. The images recorded in the iFRAP experiments were normalized to the relative intensity values RI t ϭ i ϭ (I i /I nbi ). The constitutive photobleaching was measured by collecting control images of at least 10 non-bleached cells. The half-life time was determined as described elsewhere (26) , and the standard deviation was calculated from three independent cells.
Fractionation of the Cells-Cells were washed twice in PBS harvested in a lysis buffer (50 mM Tris (pH 7.4) containing 150 mM NaCl, 100 mM MgCl 2 , protease inhibitor mixture (Roche)), lysed on ice at the lowest blender-homogenizer power, and subsequently treated with Benzonase TM (Sigma) for 20 min on ice. The lysates were centrifuged for 10 min at low speed (80 ϫ g) at 4°C, and the pellet fraction was resuspended in the lysis buffer. The supernatant was further separated into five fractions by sucrose density centrifugation (50,000 ϫ g, Ti65-BeckmanCoulter rotor) for 45 min at 4°C in a discontinuous sucrose density gradient in 50 mM Tris buffer (pH 7.4) containing 150 mM NaCl and protease inhibitor mixture.
For fractionation into nuclear and cytoplasmic fractions, cells were washed twice in PBS, harvested in PBS buffer containing 0.25 M sucrose and protease inhibitor mixture, centrifuged at 300 ϫ g for 3 min, and resuspended in hypotonic buffer (10 mM HEPES (pH 7.4) containing protease inhibitor mixture). After swelling for 10 min, the cells were dounce-homogenized on ice, centrifuged for 10 min at 80 ϫ g at 4°C to separate the non-disrupted cells and the largest cytoplasmatic, SDS-insoluble inclusions (without precipitating the nuclei), and the nuclear fraction was further pelleted at 600 ϫ g for 10 min at 4°C. Both the pellet after the first, slow-centrifugation step and the nuclei fraction were resuspended in the hypotonic buffer containing 100 mM MgCl 2 to a volume equal to that of the supernatant, subjected to an additional mechanical disruption, and incubated for 15 min with benzonase on ice. Samples were analyzed by immunoblot analysis on a nitrocellulose membrane or filter retardation assay (35) on cellulose acetate membrane (0.2 m pore size) and detected using anti-GFP (1:1000, Roche) as primary antibodies.
RESULTS

Expansion of the polyQ Stretch Changes the Inclusion
Dynamics-We monitored the in vivo dynamics of full-length ATN1-GFP fusions with a polyQ tract of a non-pathological (FLQ19) or pathological (FLQ71) length in neuroblastoma N2a/Tet-Off cells under the control of a Tet-Off promoter. The pathological variant, FL71Q, localized readily into hyperfluorescent loci in both the cytoplasm and the nucleus, even 24 h post-transfection ( Fig. 1 and supplemental Table S1 ). A fraction of it, however, remained diffusely distributed throughout the cell, even at later times of expression, thus recapitulating the expression pattern of ATN1 with an expanded polyQ tract previously observed in degenerated neurons (28) . The diffusive fluorescence was not due to an unspecific cleavage or release of GFP from the fusions. Using Western blot analysis we did not observe a monomeric GFP 24 h or 48 h after transfection (data not shown). At an early time point (24 h), FL19Q exhibited a predominantly diffuse pattern of localization with some rarely detectable, small hyperfluorescent puncta mostly in the nuclei of some cells ( Fig. 1 and supplemental Table S1 ). The fraction of the hyperfluorescent loci increased with the expression time (48 h), with a much higher proportion of the inclusions in the FIGURE 1. Cellular localization of the ATN1 variants. GFP-tagged FL-ATN1 variants partitioned between the cytoplasm and the nucleus and ⌬N-ATN1 variants were localized in the cytoplasm. The nuclear localization was confirmed with DAPI counterstaining. N2a/Tet-Off cells were transiently transfected with GFP-tagged ATN1 variants and visualized by fluorescence (GFP) and differential interference-contrast (DIC) microscopy after 24 and 48 h. GFP was soluble over the whole expression cycle and is included as a control. Scale bar ϭ 10 m.
nucleus compared with the cytosol (Fig. 1 and supplemental Table S1 ). Notably, only the FL71Q variant formed SDS-resistant species (supplemental Table S1 ). Detergent resistance represents an important pathological hallmark of the polyQ aggregation and is indication of the formation of amyloid structures (protofibrils or mature fibrils) (21) .
The nucleocytoplasmic shuttling of ATN1 is mediated by the two functional NLS and NES sequences and can be abrogated by a putative caspase cleavage at Asp-109, which alters the localization of the protein solely to the cytoplasm (28) . Such N-terminally truncated ATN1 fragments (⌬N-ATN1) have been identified in DRPLA disease model mice and DRPLA patients (30, 37) . To compare the cytoplasmic inclusions of FL-ATN1, we expressed the corresponding N-terminally truncated ATN1 variants with a short (⌬N19Q) or an expanded (⌬N71Q) polyQ stretch. Both ⌬N19Q and ⌬N71Q formed hyperfluorescent loci that were undistinguishable in shape and size (Fig. 1) . However, similar to FL-ATN1 proteins, only the variant with the expanded polyQ stretch ⌬N71Q) assembled into detergent-resistant aggregates (supplemental Fig. S1 ).
Taken together, the data suggest that the FL-ATN1 and ⌬N-ATN1 variants, independently of the polyQ length, formed discernible inclusions. However, polyQ expansion shortened the time of appearance and introduced differences in their detergent solubility. This raised the question as to whether the hyperfluorescent loci of ATN1 with non-pathological and pathological Q-length, even with undistinguishable morphologies on the static microscopic images, have different mobility and dynamic properties. To assess the dynamic properties of the inclusions, we used FRAP, which is usually employed to assess the diffusion and mobility of fluorescently tagged species (34) . In the case of the inclusions, a small sector of a hyperfluorescent spot was directly bleached, and the degree of fluorescence recovery within this area indicated the mobility of the fluorescent species within the inclusion. All nuclear FL19Q inclusions were highly mobile, displaying nearly complete recovery within 100 s (Fig. 2, A and B) . In contrast, FL71Q formed two types of nuclear inclusions with high and low recovery (two representative examples are included in Fig. 2, A  and B) . Interestingly, the profile of the high-recovering FL71Q nuclear inclusions showed an initial fast recovery phase followed by a slower, incomplete recovery (Fig. 2B) . Mathematical analysis of the FRAP data supported these assertions, as the curve fit of the recovery is consistent with two populations: a mobile fraction that accounted for 69 Ϯ 7% and a less mobile fraction that contributed to 31 Ϯ 4% of the total fluorescent protein within aggregates (Fig. 2B) . This recovery pattern strongly differed from the single protein population detected in the aggregates of Htt exon-1 with an expanded polyQ stretch (22, 38) . The nuclear, diffusely distributed fractions of both FL71Q and FL19Q were highly mobile and displayed immediate recovery comparable with the GFP recovery. Complete recovery was reached within the first postbleach measurement (at 1.5 s) (data not shown). Cytoplasmic aggregates, whether built of the FL-ATN1 or ⌬N-ATN1 variants with pathological and non-pathological Q-lengths, exhibited poor recovery profiles (Fig. 2, A and B and supplemental Table S2 ) that corresponded to stable aggregate structures containing immobile proteins.
FRAP analyses suggested that two populations with different mobility were present within the nuclear FL71Q inclusions. However, these dynamics may represent variations in the abil- ity of the aggregates to exchange with the external mobile protein pool (outside of the inclusion). Thus, we employed a complementary assay, inverted FRAP (iFRAP), which reports on the exchange of fluorescently labeled species from aggregates or with the neighboring environment or compartment (39) . In brief, the whole cell, leaving the inclusion of interest intact, is completely photobleached. If the monomer species can dissociate from the inclusions, we would expect the fluorescence of the inclusions to decrease on the basis of the migration of the monomer to the surrounding environment. The fluorescence of the nucleoplasmic FL19Q inclusions decreased rapidly, with a half-life of 48 min at 24 h of expression (supplemental Table S2 ), suggesting that the FL19Q monomer was loosely incorporated. Similar to the FRAP results, the nuclear FL71Q inclusions exhibited two different half-lives of decay (supplemental Table S2 ). The low-recovering FL71Q assemblies in the FRAP experiments decayed with a half-life an order of magnitude longer than that of the high-recovering FL71Q species. Moreover, the fluorescence decay of the high-recovering inclusions better fitted a twophase exponential decay curve, supporting the presence of at least two distinct protein populations within these inclusions. The fluorescence intensity of the cytoplasmic assemblies of all constructs remained constant, implying that the corresponding monomers are stably associated in the aggregates (supplemental Table S2 ).
ATN1 with Expanded PolyQ Stretch Form Detergent-resistant
Inclusions That Associate with Nuclear Membranes-Next, to determine whether the observed differences in the inclusion dynamics correlated with the composition and structural features of the aggregates, we separated the inclusions into nuclear and cytoplasmic and analyzed their detergent-resistance. SDS-insoluble FL71Q aggregates composed of protofibrillar or fibrillar species were bulky structures that sedimented at a very low velocity (supplemental Fig. S2) . A small SDS-resistant fraction was also found in the nucleus that most likely represented the low-recovering species in the FRAP experiments (Fig. 2, A and B) . Furthermore, the lysates of cells expressing the FL-ATN1 or ⌬N-ATN1 variants were fractionated by size and density through sucrose gradient centrifugation (Fig. 3A) . The variants with pathological Q-length, FL71Q and ⌬N71Q, built bulky SDS-resistant aggregates that sedimented at a very low velocity (Fig. 3B) . The supernatant, comprising the SDS-labile, small-sized nuclear and cytoplasmic aggregates (Fig. 3A) , was further subjected to sucrose density centrifugation. At an early time point of expression (24 h), SDS-labile aggregates showed a similar pattern for each pair, FL19Q/FL71Q and ⌬N19Q/⌬N71Q (Fig. 3C) . Although the density of the non-pathological FL19Q and ⌬N19Q did not change at later expression time points (48 h), the FL71Q and ⌬N71Q aggregates migrated at a higher density (fractions 3 and 4 were enriched with FL71Q and fractions 3-5 of ⌬N71Q, Fig. 3C ). The separation of the aggregates by density centrifugation is determined by their mass, density, and shape; i.e. the enrichment of FL71Q and ⌬N71Q aggregates in the higher-density fractions would account for species with a higher mass, larger density, and/or increased compactness. These changes in the global structure of the FL71Q and ⌬N71Q aggregates mirrored the decrease in the mobility observed in the FRAP analyses (supplemental Table S2 ).
Interestingly, the fraction of the bulky, detergent-resistant FL71Q aggregates that sedimented at a very slow centrifugation speed was strongly lamin B1-positive (supplemental Fig. S2C) , even though the majority of those aggregates localized in the cytoplasm, as detected in the FRAP experiments (Fig. 2) . As already observed, other proteins with expanded polyQ stretches assemble into perinuclear aggregates that typically associate with the nuclear membrane, forming a characteristic distortion of the nuclear surface (40, 41) . Next, we analyzed the state of the nuclear envelope using lamin B1 as a marker for nuclear integrity (42) . Immunostaining analysis revealed that small FL71Q inclusions were clearly associated with the nuclear envelope and caused discernible discontinuity in the lamin B1 rim (supplemental Fig. S3 ). In addition, the cytoplasmic aggregates also associated with the nuclear membrane, forming a local depression (supplemental Fig. S3) .
Expansion of the PolyQ Stretch Changes the Aggregate CoreThe observed time-dependent evolution in the detergent resistance of FL71Q and ⌬N71Q inclusions (supplemental Fig. S1 ) raised the intriguing question as to whether this is conditioned by changes in the structure of the aggregate core. We next assessed the nature of the aggregate core of the FL19Q and FL71Q inclusions by comparing their recruitment properties using an orthogonal cross-seeding approach (43) . Conceptually, this approach is based on the highly discriminating ability of preformed aggregates to recruit monomers with equivalent sequences (44 -46) . At different times of expression of FL19Q and FL71Q, various fragments comprising parts of the fulllength protein were pulse-expressed (Fig. 4, A and B) in a tightly controlled manner under the isopropyl 1-thio-␤-D-galactopyranoside-inducible Lac promoter, and their incorporation into the inclusions of FL19Q and FL71Q was monitored by confocal imaging microscopy. We expected the FL19Q or FL71Q aggregates to recruit only the fragment bearing the primary sequence that participates in the aggregate core. A prerequisite for this approach is that the coexpressed fragments remain soluble over the cross-seeding cycle (supplemental Fig. S4 ). It should be noted that the fragments, despite the lack of NLS, were equally distributed between the nucleoplasm and cytoplasm (supplemental Fig. S4C ), probably due to free diffusion into the nucleus as observed for small proteins (47) . The uniform distribution of the fragments over the cell volume allowed us to examine the recruiting properties of both nuclear and cytoplasmic inclusions. The N-and C-terminal sequences flanking the polyQ region (F N and F C ), but not the polyQ-containing fragments, colocalized with the nuclear FL71Q aggregates formed at an early expression time (Fig. 4C) . This implies that at early time points, FL71Q forms inclusions through interactions of the Nand C-terminal regions. At later time points, nuclear FL71Q aggregates also recruited polyQ fragments (F Q19 and F Q71 ), implying a change in the aggregate core to the polyQ-containing one (Fig. 4D) . At the late time point, nuclear and cytoplasmic FL71Q aggregates partitioned between the detergent-resistant and detergent-labile fractions ( Fig. 3C and supplemental  Fig. S2B ), suggesting that the ability to recruit polyQ-fragments paralleled with the appearance of the SDS-insolubility.
The cytoplasmic FL71Q aggregates mirrored the recruiting ability of the nuclear inclusions. F N and F C fragments colocalized with the cytoplasmic FL71Q aggregates at early time points (Fig. 5A) . At a late time point of expression, the cytoplasmic FL71Q inclusions represented a mixed population of aggregates with different core structures as they recruited all types of fragments (Fig. 5B) . The nuclear and cytoplasmic inclusions of the non-pathological variant FL19Q did not evolve over the duration of the expression time and only recruited the F N and F C fragments (Figs. 4, E and F, and 5, C and D) .
Interestingly, the cytoplasmic inclusions of ⌬N-ATN1 resembled the phenotype of the cytoplasmic FL-ATN1 inclusions. An evolution in the recruiting ability was observed only for the cytoplasmic ⌬N71Q aggregates (supplemental Fig. S5, A  and B) but not for the inclusions composed of the non-pathological ⌬N19Q variant (supplemental Fig. S5, C and D) . These data allow us to conclude that the expansion of the polyQ stretch beyond the pathological threshold induces a change in the aggregate core to polyQ-based.
Expansion of the PolyQ Stretch Alters the Dynamics of Interactions with Cellular
Proteins-Immunohistochemical and biochemical analyses established that aggregates of polyQ-containing proteins are associated with a variety of cellular proteins (19 -26) . Given the different core structure of the FL19Q and FL71Q inclusions observed, we wondered if these structural variations reflected the interactions with cellular proteins. To test this, we fractionated the cells into nucleoplasmic and cytoplasmic fractions, immunoprecipitated the FL19Q and FL71Q inclusions using anti-GFP antibodies (supplemental Fig. S6C ), dissolved the aggregates, and analyzed protein composition using two-dimensional gel electrophoresis (36) . We compared the interactome of the FL19Q with FL71Q inclusions (supplemental Fig. S6, A and B) and identified only spots that differ between the two proteins using MALDI-TOF MS analysis. For the nuclear inclusions, we mainly identified proteins that are involved in RNA processing and DNA repair (supplemental Table S3 ). Transcriptional profiles of these proteins have been found to be specifically altered in the DRPLA mouse model (6) . Some of the proteins interacting with the nuclear inclusions, including heterologous nuclear protein L and endoplasmin (supplemental Table 3 ), showed overlapping changes in the microarray profiling common to different polyQ-disease proteins (6) . In the nuclear FL71Q species, we observed an intense spot of nucleolin (supplemental Fig. S6A and Table S3 ), which is a crucial protein involved in the first steps of ribosome biogenesis. Its presence in the FL71Q nuclear aggregates was confirmed by immunoblotting of the fractionated nucleoplasmic FL71Q aggregates with antinucleolin antibody (supplemental Fig. S6D) .
The difference between the cytoplasmic FL19Q and FL71Q inclusions was a depletion of two proteins from the FL71Q interactome that belong to the group of molecular chaperones (supplemental Table S3 ). Hsp90␤ and its murine homolog endoplasmin were depleted in the cytoplasmic FL71Q aggregates as opposed to the inclusions of the non-hyperfluorescent loci, which on static images obtained from fixed cell studies may support the notion of immobile aggregates. Here, we present a systematic biophysical analysis of these inclusions and identify various aggregates with different dynamic properties and molecular architecture. The pathological FL71Q protein forms at least two types of inclusions with distinct dynamic properties that coexist in the nucleus: 1) inclusions composed of high-mobility species that exchange quickly with the soluble nucleoplasmic pool, and 2) aggregates consisting most likely of detergent-resistant, low-mobility species that exchanged at a lower frequency with the surrounding environment. By contrast, the FL19Q molecular species were also spatially sequestered in inclusions. However, they retain a high mobility within the inclusions and a fast exchange with the surrounding environment. ATN1 and ATN2 are physically associated in vivo, although the functional significance of these interactions is still unknown. ATN2 associates mainly in promyelocytic leukemia protein nuclear bodies and sequesters ATN1 (48) . The sequestration may be of functional relevance to ATN1 and the primary reason for the observed spatial confinement of FL19Q. Alternatively, ATN1 may also have an intrinsic propensity to associate, and this initial association is driven by sequence elements outside the polyQ tract, as suggested by the cross-seeding experiments (Figs. 4 and 5 and supplemental Fig.  S5 ). Unlike the nuclear aggregates, the cytoplasmic ATN1 with pathological and non-pathological Q-length assemble into bulky but compact and immobile structures. Spatial sequestration of the aggregates in such bulky cytoplasmic structures may facilitate their clearance (49).
Our in-cell orthogonal cross-seeding analyses suggest that the architecture of the aggregate core of FL71Q inclusions in the nucleus and cytoplasm evolves into polyQ-based, and we propose that the polyQ-stretch expansion over the threshold triggers a conformational switch to facilitate formation of amyloid struc- tures. Our model is consistent with the "conformational conversion" model of yeast prion amyloid formation (50) and the proposed multistep aggregation model for other polyQ disease proteins (10 -12) and model proteins (45, 51) . The initial aggregation step is triggered by the association of folded domains or secondary structural elements located N-terminally upstream of the polyQ sequence (11, 12, 45, 52) . For ATN1, our cross-seeding analyses suggest that two domains, the N-and C-terminal regions, initially associate with highly flexible inclusions and that the polyQ sequence is excluded from the aggregate core.
The ATN1 sequence bears some unique features, as revealed by the analysis using the disorder predictor PONDR (53) . Both the N-and C-terminal domains show a tendency toward order, and the PONDR score of well below 0.5 median in the C terminus is associated with a higher tendency of being structured (54) (Fig. 6) . In contrast, PONDR analysis of the Htt exon-1 sequence predicts some order only in the N-terminal region (Fig. 6 ) that, as experimentally suggested, probably takes up an ␣-helical conformation and promotes aggregation by interacting with the polyQ segment (11) . The N-terminal segment of ataxin-3 with PONDR scores far below 0.5 median comprises the globular, autonomously folded Josephine domain that imparts an altered aggregation behavior on the polyQ stretch (52) . PONDR analysis also suggests a tendency toward order in the C-terminal region (Fig. 6) . Its impact on aggregation kinetics of ataxin-3 has not been experimentally addressed yet. Although structural details on the mechanisms by which flanking regions initiate the aggregation of polyQ-disease proteins remain to be clarified, our data and the examples in the literature clearly suggest that structurally stable elements can initially form flexible aggregates, with the polyQ-sequence excluded from the aggregate core. Depending on the sequence features that are unique for each polyQ protein, however, the structured regions can be N-or C-terminally localized.
As observed for Htt exon-1 with an expanded polyQ tract (11, 12, 45, 52) , the initial step in the FL71Q aggregation is non-nucleated and independent of the polyQ length because FL19Q forms similar inclusions with a mixed N-or C-core, as they recruit both N-and C-terminal fragments of ATN1 (Figs. 4 and 5) . At the second stage, the initial, relatively loosely packed FL71Q nuclear inclusions that intensively exchange with the surrounding monomer pool convert into more stable, SDS-resistant amyloid structures with the polyQ-dominated aggregate core. We also detected some alterations in the interaction partners of the FL71Q compared with the non-pathological FL19Q inclusions, which paralleled the changes in the molecular architecture of the aggregates.
The site of cellular toxicity in polyQ diseases has been controversial, but the nucleus is suggested to be more sensitive to aggregation, and nuclear localization contributes to cellular toxicity (28, 55, 56) . Our finding that nuclear inclusions are more dynamic provides a mechanistic explanation of the enhanced cellular toxicity of the nuclear ATN1 aggregates (28) . This model may apply to some other polyQ diseases, and it resonates with previous observations on ataxin-1. Nuclear inclusions of ataxin-1 with a pathological polyQ length contain both fast-and slow-exchanging components, and the former ones contain high ubiquitin levels (19, 26, 39) . By contrast, Htt exon-1 with an expanded polyQ tract forms immobile intranuclear inclusions (19) , underscoring the importance of the protein context in polyQ diseases. Furthermore, we observed that intranuclear and cytoplasmic juxtanuclear FL71Q inclusions colocalize with the nuclear envelope component lamin B1 (supplemental Fig. S3 ). Changes in the lamin B1 rim and mechanical depression in the nuclear membrane are reminiscent of the focal distortion of the nuclear envelope observed for mutant Htt exon-1 (40) . Aberrant interactions with the nuclear membrane are relevant to the pathophysiology of some neurological diseases (57) . Together with the observation of highly dynamic and structurally heterogeneous nuclear inclusions, our results suggest a mechanistic explanation of why preferential accumulation of mutant ATN1 in the nucleus confers cellular toxicity.
Furthermore, our results contribute to the emerging concept that cellular aggregation is a dynamic multistep process with different sequences of the aggregating protein that is transiently or stably involved in the aggregate core. The idea that in the aggregation time course various surfaces will be accessible for biophysical interactions with cellular proteins goes beyond the role of protein misfolding and may have important implications for a large number of other neurodegenerative pathologies (58) .
